INTRODUCTION
Liver fibrosis is a common pathological process of end-stage liver diseases. Advanced fibrosis leads to cirrhosis, liver failure, hepatocarcinoma, and ultimately death. 1 The development of fibrosis is connected with a sustained wound-healing process in response to liver injury, characterized by increased production of matrix proteins and decreased matrix remodeling. 2 Hepatic stellate cells (HSCs) are considered the fibrogenic cell type in the liver. 3 In the injured liver, activated HSCs are the main producer of extracellular matrix. 4 The activation of HSCs is controlled by multiple soluble mediators including transforming growth factor b (TGF-b) and platelet-derived growth factor (PDGF). 5, 6 However, the mechanisms of HSC activation in liver fibrosis remain largely elusive.
MicroRNAs (miRNAs), a class of small noncoding RNAs composed of $22-25 nt, function as post-transcriptional regulators by inducing degradation of mRNAs of target genes. 7 Recent studies have shown the effect of miRNAs on HSCs activation and transformation, which is essential for the pathogenesis of liver fibrosis. 8 For example, miR-185 inhibits fibrogenic activation of HSCs and prevents liver fibrosis.
9 miR-30a ameliorates hepatic fibrosis by inhibiting Beclin1-mediated autophagy. 10 miR-122 regulates collagen production via targeting HSCs and suppressing P4HA1 expression. 11 miR-214 promotes HSC activation and liver fibrosis by suppressing Sufu expression. 12 However, the underlying mechanisms by which miRNAs regulate HSC activation are still largely unknown. Therefore, investigating how miRNAs are involved in HSC activation may promote the discovery of new therapeutic targets and efficacious treatment strategies for hepatic fibrosis.
In this study, we investigated the function and molecular mechanisms of miR-455-3p in hepatic fibrosis. First, we compared miRNA expression profiles between resting and activated HSCs. Our results showed that miR-455-3p was downregulated in activated HSCs induced by TGF-b1. These findings were subsequently verified in animal models. Moreover, overexpression of miR-455-3p inhibited expression of profibrotic markers and cell proliferation in HSCs in vitro. Mechanistically, miR-455-3p regulated HSF1 expression by binding to the 3 0 UTR of its mRNA directly. Importantly, in vivo administration of ago-miR-455-3p alleviated hepatic fibrosis in mice. In general, our findings revealed that miR-455-3p plays a pivotal role in liver fibrosis by regulating HSF1 signaling, and it may be used as a potential therapeutic target.
RESULTS

miR-455-3p Is Downregulated in Activated HSCs Induced by TGF-b1
We detected the expression levels of a-smooth muscle actin (a-SMA) in activated HSCs induced by TGF-b1 first; the expression level of a-SMA was upregulated in a time-dependent manner in both LX-2 and HSC-T6 cells. In addition, we found that the expression of a-SMA was highest in LX-2 and HSC-T6 cells added to 10 ng/mL TGF-b1 for 24 h ( Figure 1A) . To explore the changes in miRNA expression profiles after HSC activation, we performed miRNA microarray analysis on total RNAs extracted from LX-2 added to 10 ng/mL TGF-b1 for 0 and 24 h. As shown in Figure 1B , 20 miRNAs were significantly differently expressed after TGF-b1-induced LX-2 activation. We found that miR-455-3p was one of the most significantly downregulated miRNAs. Quantitative real-time PCR analysis was used to further validate its downregulation ( Figure 1C ). In addition, miR-455-3p level showed a time-dependent decrease in response to TGF-b1 in LX-2 and HSC-T6 cells ( Figures  1D and 1E ). In conclusion, our results indicated a downregulated expression of miR-455-3p in activated HSCs induced by TGF-b1.
miR-455-3p Is Downregulated in Different Hepatic Fibrosis Models
Next, mice were subjected to carbon tetrachloride (CCl 4 ) or bile duct ligation (BDL) to develop different hepatic fibrosis models. The results of H&E and Masson staining revealed the increased liver fibrosis and collagen deposition in mice after CCl 4 and BDL treatment (Figures 2A and  2B ). It has been recognized that non-alcoholic steatohepatitis (NASH) is a major cause of liver fibrosis, so we induced NASH in mice by feeding the mice a high-fat diet (HFD). Consistent with the results of mice after CCl 4 and BDL treatment, advanced liver fibrosis was found in mice with HFD-induced liver fibrosis ( Figures 2C and 2D ). The mRNA levels of fibrotic genes, including a-SMA, Collagen-I, and tissue inhibitor of metalloproteinases 1 (TIMP-1), were higher in the livers of CCl 4 -, BDL-, and HFD-treated mice than those of control ( Figures 2E-2G) . Moreover, compared with that in the control mice, miR-455-3p expression was significantly decreased in the liver of mice with CCl 4 -, BDL-, and HFD-induced liver fibrosis ( Figure 2H ). These observations indicated that miR-455-3p played a crucial role in the progression of liver fibrosis.
Overexpression of miR-455-3p Inhibits Expression of Profibrotic Markers and Cell Proliferation in HSCs
To explore the functional role of miR-455-3p in hepatic fibrosis, LX-2 and HSC-T6 cells were transfected with miR-455-3p mimics. The miR-455-3p levels were significantly higher in LX-2 and HSC-T6 cells after transfection with miR-455-3p mimics ( Figure 3A) . The protein levels of profibrotic markers, including a-SMA, Collagen-I, and TIMP-1, were significantly repressed following the overexpression of miR-455-3p in LX-2 and HSC-T6 cells ( Figure 3B ). In addition, overexpression of miR-455-3p also significantly inhibited cell growth in both LX-2 and HSC-T6 cells ( Figure 3C ). Next, we investigated whether miR-455-3p affected the cell cycle of HSCs. As determined by cell-cycle assay, overexpression of miR-455-3p significantly reduced the percentage of cells in S phase, indicating miR-455-3p could influence cell-cycle distribution in HSCs ( Figures 3D and 3E) . Moreover, overexpression of miR-455-3p also led to increased apoptosis in LX-2 and HSC-T6 cells ( Figures 3F and 3G ). Our finding revealed that overexpression of miR-455-3p could inhibit expression of profibrotic markers and cell proliferation in HSCs. To identify the mechanism how miR-455-3p regulates HSC activation, we performed bioinformatics analyses with software including miRbase, miRanda, and TargetScan. We found that HSF1 could be a potential target gene of miR-455-3p ( Figure 4A ). It has been reported that inactivation of HSF1 could suppress collagen production in HSCs. 13 However, whether miR-455-3p regulates HSF1 expression in HSCs and in liver fibrosis models has not yet been examined. We transfected miR-455-3p mimics into LX-2 and HSC-T6 cells. As shown in Figure 4B , overexpression of miR-455-3p decreased the expression of HSF1 in LX-2 and HSC-T6 cells. Luciferase reporter gene assay was used to verify the direct interaction between miR-455-3p and HSF1. Wild-type (WT) or MUT 3 0 UTR target sequences were cloned into a luciferase reporter vector. Luciferase activity of WT 3 0 UTR of HSF1 was significantly inhibited by miR-455-3p in LX-2 and HSC-T6 cells ( Figure 4C ). To examine the role of HSF1 in liver fibrosis, we detected the protein expression of HSF1 in LX-2 and HSC-T6 cells activated by TGF-b1. We found that the protein expression of HSF1 was increased in activated LX-2 and HSC-T6 cells ( Figure 4D ). In addition, the expression levels of HSF1 were higher in the livers of CCl 4 -, BDL-, and HFD-treated mice than those of control ( Figure 4E ). Moreover, the results of western blotting revealed that the expression level of HSF1 was significantly higher in liver tissues of patients with liver fibrosis than those in heathy controls ( Figure 4F ). We further examined the expression of HSF1 using immunochemistry. Consistent with the result of western blotting, the expression of HSF1 was increased in liver tissues from patients with liver fibrosis ( Figure 4G ). As shown in Figure 4H , overexpression of miR-455-3p could decrease the expression levels of HSF1, heat shock protein 47 (Hsp47), TGF-b, and smad4. These results indicated that HSF1 might be a target gene of miR-455-3p in LX-2 and HSC-T6 cells, which were involved in the Hsp47/TGF-b/Smad4 signaling pathway in HSCs and liver fibrosis.
miR-455-3p-Mediated HSC Activation and Proliferation Depend on HSF1 Expression
To further elucidate that miR-455-3p regulated HSC activation and proliferation by targeting HSF1, we used lentivirus to overexpress HSF1 in LX-2 cells transfected with miR-455-3p mimics. Overexpression of HSF1 resulted in upregulation of HSF1, Hsp47, TGF-b, and Smad4 in LX-2 transfected with miR-455-3p mimics ( Figure 5A ). Moreover, when HSF1 expression was overexpressed in LX-2 cells that were transfected with miR-455-3p mimics, the expression of profibrotic markers including a-SMA, Collagen-I, and TIMP-1 was significantly upregulated ( Figure 5B ). To explore the role of Hsp47 in miR-455-3p-mediated HSC activation, Hsp47 lentivirus was used to overexpress Hsp47 in LX-2 cells transfected with miR-455-3p mimics and control. The expression levels of TGF-b and Smad4 were significantly higher in LX-2 cells transfected with Hsp47 lentivirus compared with control ( Figure 5C ). In addition, overexpression of Hsp47 could increase the expression level of a-SMA, Collagen-I, and TIMP-1 in LX-2 cells transfected with miR-455-3p mimics compared with control ( Figure 5D ). As shown in Figure 5E , overexpression of HSF1 significantly reversed the inhibitory effects of miR-455-3p on HSC proliferation according to the results of the cell viability assay. In addition, HSF1 overexpression reversed the S phase arrest in LX-2 cells transfected with miR-455-3p mimics ( Figures  5F and 5G) . Similarly, the effects of miR-455-3p on LX-2 and HSC-T6 cell apoptosis were counteracted by HSF1 overexpression ( Figures 5H  and 5I ). These findings demonstrated that the miR-455-3p/HSF1 axis played an important role in regulating HSC activation and proliferation.
miR-455-3p Prevents Hepatic Fibrosis in Mice
According to our results, miR-455-3p regulated HSC activation and proliferation in vitro. To further investigate the role of miR-455-3p Figures 6B-6D) . Collectively, these findings indicated that miR-455-3p could prevent hepatic fibrosis in different hepatic fibrosis models.
miR-455-3p Suppresses HSF1 Expression in Hepatic Fibrosis Tissues
We found that overexpression of miR-455-3p inhibited the a-SMA expression in mice with CCl 4 -, BDL-, and HFD-induced liver fibrosis, which was detected by immunohistochemistry. There was no significant difference in untreated mice transfected with AC and ago-miR-455-3p ( Figures 7A and 7B) . We also determined the protein level of profibrotic markers including a-SMA, Collagen-I, and TIMP-1 in liver tissues from mice transfected with AC and ago-miR-455-3p. The expression levels of a-SMA, Collagen-I, and TIMP-1 were significantly lower in CCl 4 -, BDL-, and HFD-treated mice transfected with ago-miR-455-3p compared with control. Overexpression of miR-455-3p did not change the expression levels of a-SMA, Collagen-I, and TIMP-1 in the untreated group transfected with AC and ago-miR-455-3p ( Figure 7C ). To identify whether miR-455-3p could regulate HSF1 expression in the hepatic fibrosis model, we examined the expression level of HSF1 using quantitative realtime PCR. As shown in Figure 7D , a significantly lower expression level of HSF1 was found in CCl 4 -, BDL-, and HFD-treated mice transfected with ago-miR-455-3p compared with control. However, the expression level of HSF1 was unchanged in untreated mice transfected with AC and ago-miR-455-3p. In addition, we found that miR-455-3p overexpression reduced the expression levels of HSF1, Hsp47, TGF-b, and Smad4 in liver of CCl 4 -, BDL-, and HFD-treated mice after treatment with ago-miR-455-3p compared with control. There was no significant difference in the expression level of HSF1, Hsp47, TGF-b, and Smad4 in untreated mice transfected with AC and ago-miR-455-3p ( Figure 7E ). Collectively, our 
DISCUSSION
Liver fibrosis is a chronic disease caused by viral infection, alcohol abuse, and metabolic and genetic disorders, which leads to an excessive accumulation of extracellular matrix proteins. 14 HSCs have been recognized as the major source of extracellular matrix. 15 HSC activation and trans-differentiation into myofibroblasts are believed to be the key events in the process of liver fibrosis.
16
In recent years, researchers have focused on the role of miRNAs in the pathophysiology of hepatic fibrosis to determine its role in the regulation of HSC proliferation and differentiation. 17 Aberrant expression of several miRNAs was identified between resting and activated HSCs. 18 A recent study shows that miR-455-3p served as oncogene or anti-oncogene in different types of tumors. 19 Several reports have demonstrated that miR-455-3p participated in fibrosis. 20 For example, miR-455-3p suppressed renal fibrosis through repression of ROCK2 expression. 21 However, it remains unclear whether miR-455-3p was involved in HSC activation that resulted in liver fibrosis.
In this study, we found that miR-455-3p was downregulated in activated HSCs induced by TGF-b1 using microarray analysis in vitro. In vivo, we developed three different hepatic fibrosis models, including CCl 4 , BDL, and HFD. We found that miR-455-3p was downregulated in different hepatic fibrosis models, which was in accordance with the results in activated HSCs. Our findings suggested that miR-455-3p might play an inhibiting role in liver fibrogenesis, and its downregulation might be associated with the HSC activation.
According to the bioinformatics analyses results, we found that HSF1 might be the direct targeting gene of miR-455-3p. HSF1 is the transcription factor primarily responsible for the transcriptional response of cells to physical and chemical stress, which assist in refolding or degrading damaged proteins. 22, 23 HSF1 activation is accomplished at the post-translational modification and protein-protein interaction level. 24 In recent years, HSF1 has been revealed to regulate some cellular behaviors, such as apoptosis and proliferation. 25 According to our study, miR-455-3p could regulate HSF1 expression by binding to the 3 0 UTR of its mRNA directly. We also found that overexpression of HSF1 upregulated expression of Hsp47 in HSCs transfected with miR-455-3p. It has been reported that ROCK2 is involved in miR-455-3p-meditated renal fibrosis. 26 It is possible that ROCK2 is also important in liver fibrosis. Whether ROCK2 is involved in miR-455-3p-meditated liver fibrosis needs to be further studied. Hsp47 is a collagen-specific molecular that contributes to molecular maturation of collagen. 13 It has been reported that Hsp47 plays an important role in collagen synthesis. 27 In lung fibrosis, Hsp47-positive cells are the main source of collagen synthesis. 28 A recent study shows that induction of Hsp47 synthesis was regulated through activation of HSF1. 29 Downregulation of Hsp47 by HSF1 inhibition might delay or diminish the progression of fibrosis by reducing the accumulation of collagens. 30 Overexpression of Hsp47 was correlated and promoted extracellular matrix-related genes through the TGF-b pathway. 31 TGF-b is a cytokine that is related to many biological activities, including cell proliferation, differentiation, migration, and apoptosis. 32 In addition, the TGF-b signaling pathway plays a major role in the activation of HSCs. 33 TGF-b performs its profibrotic effects via cascade stimulation of downstream intracellular Smad proteins. 34 Smad2, Smad3, and Smad4 are necessary for TGF-b signal transduction among these Smads. 35 In the context of hepatic fibrosis, Smad3 and Smad4 are pro-fibrotic, whereas Smad3 and Smad7 are protective. 36 In our study, we found that miR-455-3p could alleviate HSC activation and liver fibrosis by targeting HSF1 through inhibiting the Hsp47/TGF-b/Smad4 signaling pathway.
In summary, our study demonstrated that miR-455-3p was downregulated both in activated HSCs and different hepatic fibrosis models.
Overexpression of miR-455-3p inhibited expression of profibrotic markers and cell proliferation in HSCs by targeting HSF1 through inhibiting the Hsp47/TGF-b/Smad4 signaling pathway. Moreover, miR-455-3p prevented hepatic fibrosis and suppressed HSF1 expression in mice. Our findings provided new insights into the cellular mechanisms by which the miR-455-3p alleviated liver fibrosis by regulating the HSF1 signaling pathway.
MATERIALS AND METHODS
Patient Samples
Liver tissues were obtained from patients who underwent liver resection in the first Affiliated Hospital of Nanjing Medical University. The tissues were rapidly frozen in liquid nitrogen following surgical resection. Samples from patients with different stages of liver fibrosis were analyzed according to the Meta-analysis of Histological Data in Viral Hepatitis (METAVIR) score. All specimens were collected upon obtaining informed consent from all patients. All procedures that involved human samples were approved by the Ethics Committee of the Affiliated Hospital of Nanjing Medical University.
HSCs Activated by TGF-b1
HSC-T6 and LX-2 cells were purchased from the Cell Center of Shanghai Institutes for Biological Sciences. Cells were cultured in DMEM (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum (FBS; WISENT, Canada). HSC-T6 and LX-2 cells were treated with TGF-b1 (10 ng/mL) for 0, 3, 6, 12, and 24 h in DMEM without serum, respectively, for activation.
Western Blotting
Western blot was performed routinely, with primary antibodies against a-SMA, Collagen-I, TIMP-1, TGF-b, Smad4, b-actin (1:1,000; Cell Signaling Technology), and HSF1 (1:200; Santa Cruz Biotechnology). HRP-conjugated goat anti-rabbit immunoglobulin G (IgG) or goat anti-mouse IgG (1:1,000; Cell Signaling Technology) was used as the secondary antibody. The signals were detected using the Chemiluminescence HRP Substrate (WBKL0100; Millipore) and an enhanced chemiluminescence detection system.
Quantitative Real-Time PCR
The levels of U6 and miR-455-3p were tested using the TaqMan miRNA assay system (Life Technologies Corporation, Shanghai, China). To detect mRNA expression, total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and was reverse transcribed into cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). Quantitative realtime PCR was performed using SYBR green (Life Technologies, Grand Island, NY, USA). The expression levels of target genes and the results were normalized against b-actin expression. The primers used in this study were as follows: Has-miR-455-3p, forward: The scrambled miRNA served as negative control (miR-SCR); miR-455-3p-mimics, HSF1 Lentivirus (LV-HSF1) and negative control, and Hsp47 Lentivirus (LV-Hsp47) and negative control were purchased from GenePharma (Shanghai, China). Lentivirus were transfected into HSC-T6 and LX-2 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). AC and ago-miR-455-3p (Gema, Shanghai, China) were transfected into mice at 20 nmol/200 mL via tail injection. Two weeks after the first CCl 4 injection or HFD, mice were injected with AC and ago-miR-455-3p twice a week until the end of CCl 4 and HFD treatment. For BDL, mice were injected with AC and ago-miR-455-3p by tail vein injection after BDL twice a week for 2 weeks. Mice were sacrificed 2 weeks after BDL. Untreated control mice were injected with AC and ago-miR-455-3p by tail vein injection twice a week for 2 weeks. The livers were collected for further analysis.
Microarray Analysis
Total RNAs were isolated from LX-2 (activated by TGF-b1 for 0 and 24 h), respectively, using TRIzol reagent (Life Technologies, Grand Island, NY, USA) and purified using mirVana miRNA Isolation Kit (Life Technologies, Grand Island, NY, USA). Microarray hybridization, scanning, and analysis were performed at Shanghai Biotechnology Corporation (Shanghai, China), and the scanned images were analyzed using Agilent Feature Extraction software (version 10.7).
Flow Cytometric Analysis of Cell Cycle and Apoptosis
Cell Cycle Analysis Kit (Beyotime, Shanghai, China) was utilized to analyze the cell cycle. HSC-T6 and LX-2 cells were digested with trypsin and centrifuged at 1,200 rpm for 5 min. Cells were washed carefully with PBS (twice) and fixed in 70% ethanol prior to storage at À20 C overnight. Before flow cytometry analysis (FCM) detection, the cells were washed twice with PBS, incubated with 50 mg/mL RNase, and stained with propidium iodide (PI) staining solution (500 mL) for 15 min at room temperature for cell-cycle analysis. Apoptotic cells were stained with PI (10 mg/mL; Sigma) and Annexin V-fluorescein isothiocyanate (FITC) (50 mg/mL; BD) in the dark for 15 min at room temperature according to the manufacturer's instructions.
Mouse Liver Fibrosis Induced by BDL, CCl 4 , and HFD Male C57BL/6 mice, 6-8 weeks age, were purchased from Animal Center of Nanjing Medical University (NJMU). All mice were maintained under standard conditions at the animal house of Nanjing Medical University. Experimental hepatic fibrosis was induced by BDL (for 2 weeks) or CCl 4 (10% in olive oil, 2 mL/kg, twice a week for 8 weeks). The hepatic steatosis model was established in mice through feeding an HFD (protein, 18.1%; fat, 61.6%; carbohydrates, 20.3%; D12492; Research Diets, New Brunswick, NJ, USA) continuously for 24 weeks. Mice administered a negative control (NC) diet (protein, 18.3%; fat, 10.2%; carbohydrates, 71.5%; D12450B; Research Diets) served as controls. All animal experiments were performed following a guideline from the Animal Experiment Administration Committee of the university. The animal protocol has been approved by the Institutional Animal Care and Use Committee (IACUC) of Nanjing Medical University.
Masson and Sirius Red Staining
For Masson staining, paraffin-embedded tissue sections were stained with hematoxylin for 1 min and then Masson li Chunhong acid fuchsine solution for 5 min. For Sirius red staining, the formalinfixed, paraffin-embedded sections were hydrated in distilled water and stained with 0.1% Sirius red for 1 h. After that, the nuclei were counterstained with hematoxylin for 5 min. The slides were dehydrated in 100% ethanol and mounted. The slides were then scanned, and representative images were pictured. The staining was further quantified by a pathologist, and the proportion of the Masson-positive and Sirius red-positive area was calculated.
Cell Viability Assay
For detection of cell viability, HSC-T6 and LX-2 cells were seeded into 96-well plates (2,000 cells/well) and cultured with DMEM (10% FBS) for 5 days. Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) solution (10 mL) was added to each well at the indicated time point, and cells were incubated for 2 h at 37 C. Cell viability was assessed by measurement of the optical density measured at 450 nm.
Immunohistochemical Analysis
Tissue sections were fixed in 4% formalin and then embedded in paraffin. After blocking endogenous peroxides and proteins, sections (thickness, 4 mm) were incubated overnight at 4 C with a prediluted primary antibody of HSF1 or a-SMA (1:500; Cell Signaling Technology). After washing with PBS, sections were incubated with HRP-polymer-conjugated secondary antibody at 37
C for 1 h.
www.moleculartherapy.org Subsequently, the signal was developed with 3,3 0 -diaminobenzidine tetrachloride, and the nuclei were counterstained with hematoxylin.
Luciferase Reporter Assay
The 3 0 UTR of human HSF1-containing putative binding sites was cloned into the pGL3 plasmid (Ambion, Austin, TX, USA), with the resulting expression vectors being named WT-HSF1-3 0 UTR. An altered HSF1 3 0 UTR carrying a mutation in the miR-455-3p binding sequence was created and inserted into the pGL3 plasmid, with the resulting construct being named mutant (MUT)-HSF1-3 0 UTR. HSC-T6 and LX-2 cells were seeded in 24-well plates (5 Â 10 5 cells/well) and incubated for 24 h before transfection. Cells were co-transfected with 0.12 mg of either pGL3-HSF1-WT or pGL3-HSF1-MUT reporter plasmids together with 40 nM miR-455-3p mimic or negative control oligoribonucleotides using Lipofectamine 3000 (Invitrogen). HSC-T6 and LX-2 cells were also transfected with 0.01 mg of Renilla luciferase expression plasmid as a reference control. HSC-T6 and LX-2 cells were collected after 48 h and lysed using lysis buffer (Promega). The luciferase reporter assay was conducted using the Dual-luciferase Reported Assay System (Promega) according to the manufacturer's instructions.
Statistical Analysis
The statistical analyses were performed using Student's t test (two-tailed) with the Social Sciences (SPSS) software version 19.0. Categorical data were evaluated by the c 2 test. A value of p < 0.05 was considered statistically significant.
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